This work defines density factor as the ratio of before ignition density to after ignition density of the ignition mixture. This work provides an estimation method for explosive limits of various fuels under room temperature and pressure by showing that for a large universe of fuels, constant adiabatic flame temperature and density factor are appropriate approximations at the lower explosive limit while only a constant density factor might be an appropriate approximation at the upper explosive limit. Thus the assumption of a constant adiabatic flame temperature can be used in calculating lower explosive limit while the assumption of a constant density factor can be used in approximating upper explosive limit.
Introduction
Flammability parameters are important safety considerations in various applications ranging from the design of combustion chambers to the design of fuel tanks. Moreover, a knowledge of the flammability parameters is used in judging fire and explosion hazards of technological processes and technological installations. Among these parameters are flash point [1, 2, 3] -the least temperature at which evaporation is enough for the vapor-air mixture above the flammable liquid to be ignitable-and explosive limits [4] . A mixture of a fuel and an oxidant can give rise to a self propagating flame if the oxidant/fuel ratio is within a specific range. The boundaries of this range are called explosive limits 1 . Lower explosive limit (LEL)-defined as the least fuel concentration capable of self-propagating a flame-and upper explosive limit (UEL)-defined as the greatest fuel concentration capable of self-propagating a flame-are properties of a fuel-oxidizer mixture. Many studies measure LEL and UEL of various materials [5, 6, 7] ; in practice, most ignition processes involve a mixture of fuels and/or diluents, so the explosive limits (ELs) of fuelfuel-oxidant (air) mixtures [8, 9, 10, 11] and fuel-oxidant-diluent mixtures [12, 13] are studied. Further the effect of temperature [9, 14, 15, 16, 17] and pressure [9, 15, 18, 19] on ELs are studied.
Both the LEL and the UEL depend on the temperature and pressure of the fuel-oxidizer mixture, but they also depend on the size, geometry and heat conductance of the combustion vessel and on the source of ignition [20, 21, 22] . Measurement condition dependence causes values of ELs measured according to different standard methods to differ [23, 24] . Common standard methods for measuring explosive limits are [25] : a) the US bureau of mines standard, which uses a vertical tube with an inner diameter of 5 cm and a length of 150 cm, with an electric spark or a pilot flame at the open lower end of the tube [20] , b) the ASTM 681 standard, which uses a 5 dm 3 spherical glass with a central 15 kV igniter [26] , c) the DIN 51 649 standard, which uses a cylindrical vertical glass with inner diameter of 6 cm, height of 30 cm and a 15 kV igniter located 6 cm above the tube's bottom [27] , and d) the VDI 2263-1 standard developed for measuring dust explosion limits but also used for gaseous mixtures, which uses a 20 dm 3 spherical vessel with a central ignition [28] .
The LEL and the UEL are generally considered to be 0.5 and 3 times the stoichiometric concentration of the fuel [29] . Methods for calculating the LEL or the UEL make use of the standard enthalpy of combustion [30, 31] , normal burning velocity [32] , adiabatic flame temperature (AFT) for partial combustion to CO and H 2 O [33] , minimum spark ignition energy [34] , ratio of stoichiometric AFT to AFT the EL [17] or constancy of AFT [13, 35, 36] . In calculation of flammability limits from AFT, the existence of the flammability limits is considered to be a consequence of existence of a minimum sustaining temperature for the flame-thermal theory [37] . For LEL this sustaining temperature called theoretical threshold temperature (TTT) is claimed to be approximately a universal constant for every fuel [13] . Thermal theory has also been extended to UEL [38] . TTT at the upper and lower limits of explosivity should be distinguished but since we only use the concept and will not report any values for it, the same abbreviation is used for both temperatures. If we limit our attention to specific classes of compounds relations exist among flammability parameters, e.g., in the case of alkanes a linear relationship between molar heat of combustion and inverse of the LEL and another linear relationship between the LEL and the UEL exists [39] .
To calculate explosive limits one needs an appropriate criteria for defining sustained ignition. The most obvious ignition criterion is visual criterion, i.e., the flame moves away from the ignition source [40] . Visual criterion is not useful for a theoretical study as the occurrence of observation of the flame propagation is difficult to quantify in a model. Surrogates of the visual criterion are pressure rise criterion based on the rise of pressure by a fixed percentage of the initial pressure [40] and temperature rise criterion based on a fixed amount of rise in the temperature of the fuel-oxidizer mixture [41] . The pressure rise criterion seems suitable for a study dealing with a constant internal energy and volume (UV) problem type. A UV problem type corresponds to an experimental setup where ignition occurs in a closed vessel. The temperature rise criterion corresponds to the existence of the TTT and thus the constancy of the AFT at the ELs in a theoretical study based on thermodynamics. It can be used either for a UV or a constant enthalpy and pressure (HP) problem type.
Density factor (DF) is defined as the ratio of the density of the reactants mixture (ρ r ) to the density of the products mixture (ρ p ). DF is introduced to serve as an indicator of ignition. We assume equilibrium and ideal gas behavior. Mass conservation imply that DF is proportional to volume factor, i.e., ratio of after ignition to before ignition volume of the combustible mixture. Equilibrium and ideal gas assumptions imply that the volume factor is poportional to temperature factor, i.e., ratio of after ignition temperature to before ignition temperature of the combustible mixture.
where m, V, n, T and P respectively denote mass, volume, number of moles, temperature and pressure while indexes r and p respectively denote reactants and products.
In the following passages, we would use lower limit flame temperature (LLFT) for AFT at LEL, upper limit flame temperature (ULFT) for AFT at UEL and limit flame temperature (LFT) for AFT at either EL. Further we use lower limit density factor (LLDF) for DF at the LEL, upper limit density factor (ULDF) for DF at the UEL and limit density factor (LDF) for DF at either EL.
Temperature in a flame is lower than the AFT by an amount which is proportional to the amount of heat loss per unit of the limiting reactant which in turn is proportional to surface/volume ratio of the combustion vessel. LLFT and ULFT are upper bounds to the TTT's because AFT represents a situation of no heat loss from the flame. In a first approximation TTT can be approximated with LFT but this approximation is not necessary; all we need is for the difference between LFT and TTT to be constant. LFT-TTT is proportional to the heat loss which under the same measurement conditions is proportional to the TTT. Thus the constancy of this difference is implied by the constancy of the TTT. Values as high as 1800 K to as low as 1000 K are suggested for TTT. This wide variation of TTT seems to be a result of variation in the combustion test conditions [21, 22] .
Fuel and oxidizer contribute an amount of heat, ∆H com , together with an amount of quenching effect,
dT , where T 0 and T f are, respectively, the initial and flame temperature while C p,mix is the heat capacity of product mixture [42] . The AFT is derived by equating heat and quenching quantities [43] . This work considers flammables made up of the set of atoms {C, H, N, O}, among these flammables thermal theory fuel universe (TTFU) is defined as the set of flammables excluding Hydrogen (and deuterium), triple and adjacent double bond containing compounds and explosives. For TTFU the values of LLFT and ULDF are shown to concentrate around their respective mean. This mean concentration is suggested as a method for predicting explosive limits when their experimental values are not available.
Method
Assuming a fuel molecule consisting of carbon, hydrogen, oxygen and nitrogen atoms; combustion equation can be written as
where, dry air = 0.7808N 2 + 0.2095O 2 + 0.0093Ar + 0.0031CO 2 (Thus molecular mass of dry air M da = 29.0845). The stoichiometric oxygen requirement for each fuel molecule, l s = (2i + j 2 − k)/2. The equivalence ratio, φ, is the ratio of fuel to oxygen over the stoichiometric ratio of fuel to oxygen. Equilibrium combustion products depend on the value of φ. In this analysis, we assume a premixed flame where products are determined by thermodynamic stability and not by diffusion rates. Using relations of mass action (chemical equilibrium constant relations) in finding equilibrium composition is equivalent to minimizing thermodynamic free energy of the mixture.
Chemical equilibrium with applications (CEA) [44, 45] calculates chemical equilibrium composition and properties of complex chemical mixtures. CEA's algorithm uses Lagrange undetermined multipliers to minimize the relevant free energy and solves the resulting equations. Appropriate free energy to be minimized is determined by problem type. Ignition in an open tube occurs at constant pressure and since ignition is a fast reaction it can be approximated as an adiabatic process. Thus the problem type in this work is HP.
For each fuel, we perform chemical equilibrium calculations over a range of values of the equivalence ratio, φ = 0.1, 0.2, · · · , 4 (except when it is necessary to go beyond this range to encompass the whole flammability range) and plot the AFT (DF) vs. φ. Two examples are figures 1 and 2. Reactant mixture density is calculated using the ideal gas law while the product mixture density is reported by CEA. From the data presented in this graph we interpolate (derive with the assumption of linearity) values of the AFT (DF) corresponding to φ LEL and φ UEL , where φ LEL and φ UEL , respectively, are the values of the equivalence ratio corresponding to the fuel concentration at the LEL and the UEL.
For compounds where experimental flammability limits are not available constancy of the LFT (LDF) may be used to derive explosive limits. To this end, one uses LFT (LDF) as a criterion for defining explosion. That is, one plots the AFT (DF) vs. φ to find the value of φ corresponding to the mean LFT (LDF) for the corresponding EL. One finds the volume percentage of fuel corresponding to the derived value of φ as the corresponding EL. Note the peak of both AFT and DF vs. φ graphs occur at values of equivalence ratio greater than 1 [46] . Derivation of the AFT (DF) at ELs can be done by performing the chemical equilibrium calculation at the φ LEL and φ UEL . But chemical equilibrium calculation cannot be done at assumed values of the LFT (LDF) to calculate the φ LEL or φ UEL . To calculate the φ LEL or φ UEL we should draw a graph of the AFT (DF) vs. φ. In order to keep the symmetry of deriving the LFT (LDF) from φ at the corresponding explosive limit and deriving φ at the corresponding EL from the LFT (LDF), we use the graph of AFT (DF) vs. φ for both calculations.
Results
For 52 fuels under study the values of LEL and UEL from [5, 39] are quoted in the second and third columns of table 1. The LFTs (LDFs) are presented in the forth and fifth (sixth and seventh) columns of table 1. Note that by neglecting few outliers the values for LFT (LDF) at either EL lay within a limited range. The penultimate column of table 1 contains sum of mean deviation (SMD) for the LLFT and ULFT while the final column contains SMD for the LLDF and the ULDF. ELs are considered linear functions of temperature with very small slopes [15] , so small deviations from room temperature for few of the compounds reported in table 1 would not affect the results. Table 2 reports the average values and standard deviations of the LFTs and LDFs. Standard deviation of the LLFT (LLDF) is about 15% (16%) of its mean value while the standard deviation of the ULFT (ULDF) is about 32% (22%) of its mean value. Large ratio of standard deviation over the average value for the LFT (LDF) at both explosive limits suggest that no single number can adequately represent the LFT (LDF) at either LEL or UEL. Table 1 : Explosive limit data. LEL and UEL data are extracted from [5] . These data relate to room temperature and atmospheric pressure except when another temperature is mentioned in the table. They are measured using a 2 inch tube with a spark ignition test setting. Values of LLFT and ULFT, (LLDF and ULDF) are derived using interpolation in the graph of the AFT (DF) vs. φ and expressed in Kelvin for LFTs and dimensionless units for LDFs. The penultimate (last) column contains sum of mean deviation for the LFTs (LDFs). * Excluded from TTFU † ELs from [39] At the UEL the assumption of chemical equilibrium does not apply very well as a large number of carbon containing compounds are formed among rich fuel combustion products while equilibrium calculations suggest CO, CO 2 , CH 4 and C(s) as the only carbon containing products of combustion [4] . This deviation from the equilibrium causes LFT-TTT to vary out of proportion to TTT (heat conduction is no more the only cause of LFT's deviation from TTT). The greatest deviations from the mean LFT (LDF), as reported in the penultimate (last) column of table 1, respectively, relate to cyanogen, acetylene, hydrogen, hydrogen cyanide, deuterium, allene, propyne, acrylonitrile, and acetal (cyanogen, hydrogen, deuterium, acetylene, ethylene oxide, carbon monoxide, allene and hydrogen cyanide).
It is suggested that the LFT and by implication the TTT are inversely proportional to reactivity of the fuel [4] . This is because the reactivity of a compound is determined by the activation energy of the rate determining step in units of k B T where k B is the Boltzmann constant. Thus similar LFTs at an EL suggest close values of activation energy for the rate determining step of the respective fuel's ignition. Similar values of activation energy for the rate determining steps of a group of fuels ignition suggest similar rate determining steps for those reactions.
The group of fuels in table 1 which exhibit the greatest deviation from the mean LFT and LDF are compounds containing triple bond or adjacent double bounds, compounds capable of explosion in the absence of an oxidant 2 , hydrogen and deuterium. Triple bond or adjacent double bond containing fuels are less stable than aromatic, mono-unsaturated and saturated fuels and one expects them to have an ignition mechanism considerably different from the later group of more stable fuels. Also hydrogen and deuterium have very high diffusivity; high diffusivity allows hydrogen and deuterium to sustain a flame at concentrations far lower than any other compound.
Aforementioned considerations suggest excluding triple bond and adjacent double bond containing compounds, hydrogen, deuterium and compounds capable of explosion; the remaining fuels would constitute an explosive limit thermal theory fuel universe (TTFU). TTFU constitute 81% of all fuels in this study. Mean values and standard deviations for TTFU are presented in Table 2 . The standard deviation of the LLFT is around 5% of the mean LLFT. So one can consider a constant LLFT of 1586 as an acceptable approximation for the LLFT in TTFU. Standard deviation of the ULFT is about 17% of the ULFT's mean value. Thus a constant ULFT is an inappropriate approximation.
LLDF and ULDF ratio of standard deviation to mean for TTFU of around 6% and 7%, respectively, suggest that the assumptions LLDF=5.46 and ULDF=6.0, in the TTFU are appropriate assumptions. We should note that ULDF (ULFT) for compounds with UEL=100% are derived by calculation of equilibrium composition and not by interpolation in the DF (AFT) vs. φ graph. Table 2 : Average values and standard deviations of adiabatic flame temperature and density factor at both explosive limits for all studied fuels and for the thermal theory fuel universe.
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Conclusion
The results presented in Table 2 suggest that at the LEL the most aggregation around the mean occurs for the LFT in TTFU while at the UEL the most aggregation around the mean occurs for the LDF in the TTFU. Therefore, we suggest different methods for predicting each explosive limit. For the LEL we agree with the previous literature on using constancy of the LFT while noting the methods in-applicability for triple and adjacent double bond containing fuels and hydrogen. For the UEL we suggest using the LDF while noting the methods in-applicability for triple and adjacent double bond containing fuels, hydrogen and explosives. Similar values of the LFT and the LDF in the TTFU suggest quite similar rate determining steps in the ignition reactions at the LEL for these compounds. Thus one can use the mean LFT or the mean LDF as a criterion for determining the LEL together with a graph similar to figure 1 or 2 derived with CEA to calculate LEL for a mixture under specific conditions where an experimental value for the LEL is not available. For the UEL thermal theorie's prediction of a constant LFT for different fuels is inappropriate but the values of the LDF are more concentrated around their mean and one can use the LDF to derive an approximation to the value of the UEL using the graph of the DF vs. φ.
With the assumptions of chemical equilibrium and ideal gas behavior constancy of each of the LFT and the LDF are equivalent. Yet in fuel rich mixtures the chemical equilibrium assumption does not hold very well and thus the concentration around the mean for the ULDF and the ULFT differ greatly. The sample of compounds in Table 1 was chosen only based on ease of access to experimental data. The more important compounds for industrial applications likely have their safety data measured and published earlier than less important compounds. So we can claim compounds in Table 1 to form an importance sampling of flammable gases and vapors. This work is related to experiments performed in an open ended reaction vessel. So we used a constant pressure assumption. In a future work we will use this method to calculate explosive limits.
